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Magnetic bilayers with different magnetic anisotropy directions are interesting for spintronic appli-
cations as they offer the possibility to engineer tilted remnant magnetization states. We investigate
the ferromagnetic resonance (FMR) linewidth of modes associated with two interlayer exchange-
coupled ferromagnetic layers, the first a CoNi multilayer with a perpendicular magnetic anisotropy,
and the second a CoFeB layer with an easy-plane anisotropy. For antiferromagnetic interlayer ex-
change coupling, elevated FMR linewidths are observed below a characteristic field. This is in
contrast to what is found in uncoupled, ferromagnetically coupled and single ferromagnetic layers
in which the FMR linewidth increases monotonically with field. We show that the characteristic
field at which there is a dramatic increase in FMR linewidth can be understood using a macrospin
model with Heisenberg-type exchange coupling between the layers.
I. INTRODUCTION
Magnetic multilayers are widely used in spintronics de-
vices for information processing and storage [1]. An es-
sential means for engineering the coupling between two
ferromagnetic (FM) layers is by interlayer exchange cou-
pling (IEC) mediated by an intervening nonmagnetic
(NM) layer. The sign and strength of the IEC changes
with the thickness of the NM; typically the coupling oscil-
lates between FM and AFM while the coupling strength
decreases with increasing interlayer thickness [2].
One device concept of interest at present is spin
transfer torque (STT) magnetic random access memory
(MRAM) [3]. It offers a high density, non-volatile, short
switching time and low power consumption information
storage method. The basic structure of the memory cell
consists of a magnetic tunnel junction, two FM layers
separated by a thin insulating barrier layer. In the con-
ventional layer stacks used in MRAM design, the stable
magnetic configurations exhibit collinear magnetization
alignment. While these alignments provide maximum
contrast in terms of magnetoresistance, and thus optimal
read-out conditions, such alignment has disadvantages
from the perspective of STT, since the torque exerted is
proportional to the cross product of the magnetization
vectors [4]. In other words, small initial deviations from
perfect alignment are needed to initiate STT-induced
switching. Such deviations are present due to thermal
fluctuations, however, the resulting initial torques are
small. For this reason, there is interest in devices with
non-collinear magnetic configurations. Furthermore, it is
important to have a better understanding of the mag-
netic relaxation of the ferromagnetic resonance (FMR)
modes in such structures, since the time scale of relax-
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ation determines the switching speed of the system. Spin
relaxation is described by the phenomenological Gilbert
damping and FMR is a convenient way to measure the
damping directly from the spectrum [5, 6].
II. EXPERIMENTAL SETUP
In order to investigate magnetization dynamics
in a system with non-collinear magnetic configura-
tions, we have conducted experiments on samples
containing two FM layers exhibiting different forms
of the magnetic anisotropy: one with easy-plane
anisotropy, the other one with perpendicular magnetic
anisotropy (PMA). As the PMA material we use a
CoNi multilayer, while a Co60Fe20B20 (CoFeB) film
serves as the easy-plane magnetic layer. Both layers
are coupled via IEC by a Ru interlayer: Using dc
magnetron sputtering, [Ta(5)/Cu(3)/Ni(0.65)/Co(0.3)/
[Ni(0.6)/Co(0.2)]5/Co(0.18)/Ru(tRu)/CoFeB(3)/Ta(3)]
samples were deposited on 150mm oxidized silicon
wafer. In order to investigate different strengths and
signs of coupling between the CoNi and CoFeB lay-
ers, the thickness of Ru (tRu), was varied along one
coordinate on the wafer in a wedge-like manner, tRu
ranges from 0.71 to 1.17nm across the wafer. For the
FMR experiment, we cut 2 × 2mm2-sized pieces from
the wafer, where the lateral distance between pieces
is 8mm. Therefore, to a good approximation, we can
treat the samples as having uniform Ru thickness within
each piece. Besides these coupled-layer samples, we
also studied two samples with a single CoNi FM layer
[Ta(5)/Cu(3)/Ni(0.65)/Co(0.3)/[Ni(0.6)/Co(0.2)]5/
Co(0.18)/Ru(3)] and a single CoFeB FM layer [Ta(5)/
Cu(3)/Ru(1)/CoFeB(3)/Ta(3)], as reference.
In order to measure the FMR spectra, we apply a dc
magnetic field parallel to the sample plane. The sample
is mounted on a waveguide; an ac current through the
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Figure 1. (a) Multilayer sample, with varying Ru thickness.
(b) Schematic of FMR measurement using a two-port VNA.
H is the dc applied magnetic field and h is ac Oersted field.
(c) Example normalized real and imaginary S-parameter data
versus applied field for a sample with tRu = 0.99 nm at 17GHz
ac frequency.
waveguide provides a small oscillating Oersted field per-
pendicular to the dc applied field and drives the magne-
tization into a small angle precession, which has its max-
imum amplitude when the resonance condition is satis-
fied. We use a vector network analyzer (VNA) to measure
the magnetization dynamics by determining the effective
field- and frequency-dependent load the sample adds to
the waveguide. Fixing the frequency of the ac field, the
dc magnetic field µ0H is swept from 0 to 1T. We collect
the transmission (S12) and reflection (S11 and S22) spec-
tra with a VNA [7, 8]. For each spectrum, we extract
data from the S-parameter providing the highest signal
to noise ratio. By fitting both real and imaginary parts of
the S-parameter with a linear combination of symmetric
and antisymmetric Lorentzian functions, we obtain the
peak position and full width at half maximum (FWHM),
which correspond to the resonance field and linewidth,
respectively. This analysis is done for the real and imag-
inary parts of the chosen S parameter, and the resulting
values for peak position and FWHM are averaged and
plotted as a function of the applied field (Fig. 2).
III. EXPERIMENTAL RESULTS
The multilayer samples used in the measurement are
taken from the same wafer used in previous research [9].
Based on the previous results, the samples with a Ru
thickness of 1.02nm and smaller exhibit AFM coupling
between the layers while for the samples with Ru thick-
ness 1.05nm and larger, the IEC is ferromagnetic. In
tRu (nm) 0.95 0.99 1.02 1.05 1.09
J (mJ/m2) -0.330 -0.270 -0.116 0.249 0.365
µ0Hk1 (T) 0.186 0.179 0.142 0.204 0.181
µ0Hk2 (T) -0.904 -0.911 -0.948 -0.886 -0.909
Table I. Sample parameters determined in Ref. [9]. tRu is the
Ru layer thickness and J is the IEC. µ0Hk1 and µ0Hk2 are the
CoNi and CoFeB effective perpendicular magnetic anisotropy
fields, respectively.
order to investigate how the coupling affects the FMR
linewidth, samples with Ru thicknesses of 0.95, 0.99, 1.02,
1.05 and 1.09nm were studied. Their coupling strength
J is shown in Table I.
Due to the presence of two FM layers, there exist two
FMR modes. In the limit of vanishing IEC, these modes
will become independent FMR modes of the CoNi and
CoFeB layers. At high in-plane applied fields deeply in
the saturated regime, the CoFeB mode will have a sig-
nificantly higher frequency than the CoNi mode. This
hierarchy is maintained for non-zero IEC, when the two
modes hybridize. Therefore, for simplicity, throughout
this paper, we will refer to the two modes as the CoNi
and the CoFeB modes, even in the case of nonzero cou-
pling.
The IEC leads to contributions to the effective field
acting on each layer. For high enough applied fields,
when the layers are saturated, the IEC therefore leads to
a shift in the resonance fields. Figure 2(a) shows the rela-
(a)
(b)
tRu(nm)
Figure 2. In-plane FMR measurement of the samples listed
in Table I. (a) Resonance position of the CoNi mode for dif-
ferent interlayer thicknesses. The dashed lines indicate the
intercept of a linear fit to the data with the x-axis, which
represents the in-plane saturation field. With increasing IEC,
the saturation field decreases. (b) Linewidth of the CoFeB
mode. When the layers are FM coupled, the linewidth de-
creases monotonically as the field decreases. However, when
the layers are AFM coupled, the linewidth first decreases with
decreasing field but then increases when the applied field is
less than the saturation field.
3tion between applied field and resonance frequency of the
CoNi mode. Since CoNi has perpendicular anisotropy,
when the applied field is small its magnetization is not
saturated in the applied field direction. The saturation
fields correspond to the intercepts of the data sets shown
in Fig. 2(a) with the horizontal axis. The shift of the
saturation field for different samples can be understood
in the following way: due to the IEC the two magnetic
layers experience a coupling field from each other. Con-
sidering the saturated case, for FM coupling, layer i ex-
periences an exchange coupling field in the same direction
as the magnetization of layer j, while in the case of AFM
coupling, the coupling field points in the opposite direc-
tion with respect to the magnetization of layer j. Con-
sistent with this picture, Fig. 2(a) shows an increasing
saturation field when the coupling becomes more AFM.
Figure 2(b) displays the linewidth of the CoFeB mode
as a function of the applied field. In the case of FM cou-
pling, the linewidth increases with increasing frequency
and increasing resonance field, which is similar to what
would be observed in a single easy-plane layer in in-plane
field [10]. However, the figure also shows that in AFM
coupled cases, when going from high to low fields, be-
low a certain sample-dependent characteristic field, the
linewidth increases significantly. This behavior is very
different from what is typically observed for single lay-
ers.
IV. MODELING AND SIMULATION
The net magnetic field acting on a uniformly magne-
tized layer, known as the effective field, is the sum of
applied field, anisotropy field and coupling field. When
the applied field is smaller than the saturation field, the
magnetization of the CoNi layer is not aligned with the
field (i.e. an in-plane) direction. Decreasing the applied
field further will increase the out-of-plane angle between
magnetization of CoNi layer and the applied field. Due
to the AFM coupling, this increasing angle increases the
coupling field in the applied field direction acting on the
CoFeB layer. Thus, it slows down the decrease of the
effective field experienced by the CoFeB layer; the CoNi
layer can partially screen the applied field experienced by
the CoFeB layer. In the experiment, we fix the frequency
and sweep the applied field to determine the linewidth.
When the applied field is smaller than the saturation
field, due to this screening effect, a change in the ap-
plied field results in a corresponding smaller change in
the CoFeB effective field and thus an increase in the FMR
linewidth.
In order to model the experimental results, we assume
a Heisenberg-type exchange coupling between the layers,
with film areal energy density [9, 11–13]
σE(~m1, ~m2) =− µ0Ms1d1 ~H · ~m1 −
1
2
µ0Ms1d1Hk1m
′2
z1
− µ0Ms2d2 ~H · ~m2 −
1
2
µ0Ms2d2Hk2m
′2
z2
− J ~m1 · ~m2,
(1)
where ~mi = m
′
xixˆ
′+m′yiyˆ
′+m′zizˆ
′ is a unit vector in the
magnetization direction of each layer in the lab frame,
with i = 1 representing the CoNi layer and i = 2 repre-
senting the CoFeB layer. Here, we denote our lab frame
as xˆ′, yˆ′, zˆ′, where xˆ′ is aligned with the applied field
and zˆ′ is perpendicular to the layer plane. The 1st and
3rd term, which are proportional to the applied field ~H ,
represent the Zeeman energy; the 2nd and 4th term,
which are proportional to m′2zi, represent the magnetic
anisotropy energy; the last term is the coupling energy.
The effective anisotropy is Hki ≡ H
(0)
ki −Msi, where H
(0)
ki
is the intrinsic anisotropy field and Msi is the saturation
magnetization. For the CoNi layer, with perpendicular
easy axis, H
(0)
k1 > 0 and for CoFeB layer, with in-plane
easy axis, H
(0)
k2 < 0. J is the coupling strength; J > 0
is FM coupling and J < 0 AFM coupling. di is the
thickness of each magnetic layer and µ0 is the vacuum
permeability.
When the applied field is small, the magnetization of
each layer may not be saturated and the precession axis
need not be aligned with xˆ′. Thus, we rotate our lab
frame by βi along yˆ
′, to xˆi, yˆi, zˆi, to the so-called ground
state frame, where xˆi is the precession axis of each layer.
When minimizing σE , we determine βi numerically. Fig-
ure 3 shows a numerical solution for βi. Since for the
CoFeB layer, the coupling strength is smaller compared
with the anisotropy field, |β2| < |β1| in general. The
smaller the coupling strength, the larger the saturation
field. When the coupling becomes AFM, the CoNi layer
provides a coupling field on the CoFeB layer opposite the
direction of the CoNi magnetization, which thus requires
a larger applied field to compensate.
The effective field in the lab frame is:
~Hi(m
′
xi,m
′
yi,m
′
zi) = −
1
µ0Msidi
∇~m′
i
σE . (2)
After numerically determining βi at a given applied field,
we rewrite ~m′i in ground state frame, ~mi = mxixˆi +
myiyˆi+mzizˆi by using the rotation matrix shown in the
appendix. The magnetization precesses around the xˆi
axis. Considering a small angle precession, mxi ≈ 1, myi
and mzi can be expanded around 0. On the other hand,
we can rewrite the effective field in ground state frame,
~Hi = ~Hi(mxi,myi,mzi).
Finally, we use LLG equation in the ground state frame
to find the equation of motion of the magnetization of
42J (mJ/m ) 
Figure 3. The CoNi magnetization angle β1 (main figure)
and CoFeB magnetization angle β2 (right inset) obtained by
minimizing the energy as a function of applied field. The
greater the AFM coupling strength, the larger field required
to saturate the CoNi layer. The CoFeB magnetization has a
small out of plane component associated with the small ratio
of the IEC field to the in-plane anisotropy field. Middle inset:
schematic showing the β angles.
both layers [14]:
d~mi
dt
= −γi(~mi × ~Hi) + αi
(
~mi ×
d~mi
dt
)
+ h cos(ωt)yˆi,
(3)
where, on the right hand side, the first term is the preces-
sion term, the second term is damping term and the third
term is oscillating field. αi and γi represent damping co-
efficient and gyromagnetic ratio, respectively. By moving
2nd term to the left hand side and matrix inversion, we
can rewrite Eqn. 3 as
dm
dt
= ΓΛ(Ξm+ C), (4)
where
m(t) ≡
(
my1(t) mz1(t) my2(t) mz2(t)
)T
, (5)
Ξ = Ξa + Ξc + Ξan (6)
C ≡
(
h cos(ω0t) 0 h cos(ω0t) 0
)T
. (7)
The modified gyromagnetic ratio matrix Γ, the Gilbert
damping coefficient matrix Λ and the elements of effective
field matrices Ξa, Ξc, Ξan are shown in the appendix.
In order to solve the coupled ODEs, we take the Fourier
transformation of Eqn. 4, f˜(ω) ≡ 1√
2π
∫∞
−∞ f(t)e
−iωt dt
to get:
m˜ = −
ΓΛC˜
(ΓΛΞ− iω1)
, (8)
J (mJ/m ) 
2
Figure 4. Computed CoFeB linewidth versus applied field.
When the IEC is FM, the linewidth decreases with decreasing
field. When the IEC is AFM, there is an abrupt increase in
the linewidth when the field decreases below the saturation
field.
where the amplitude of the magnetization is dominated
by 1/| det(ΓΛΞ− iω1)|.
In the numerical simulation, we take α1 = 0.0108 and
α2 = 0.0053, which come from the single layer sample
measurements. We take γ1 and γ2 to be the electron’s
gyromagnetic ratio. We further take µ0H
(0)
k1 = 0.779T,
µ0H
(0)
k2 = −0.128T, µ0Ms1 = 0.600T and µ0Ms2 =
1.69T, to characterize the magnetic materials [9]. Since
our goal is to illustrate the mechanism leading to the ob-
served increase in linewidth, rather than a quantitiative
fit, we keep these values fixed and only vary the coupling
strength J .
Figure 4 shows the numerical solution obtained for dif-
ferent coupling strengths J , which matches our experi-
mental results to a certain degree. When the coupling
strength is ferromagnetic, the linewidths increase mono-
tonically with the applied field, which matches our ex-
perimental results. In the case of AFM coupling, when
sweeping the field from high to low values, the linewidths
decrease with decreasing applied field, at least initially.
But when the applied field reaches the saturation field,
there is a strong enhancement in the linewidth. This
qualitatively reproduces the behavior seen in the ex-
periments. The saturation fields shown in Fig. 4 are
consistent with the previous simulation results shown in
Fig. 3(a). The saturation field increases when the sam-
ples become more AFM coupled. It shows that the basic
cause of the increasing linewidth is the screening of the ef-
fective field associated with the AFM coupling. However,
when further decreasing the applied field, the linewidths
also decrease, which is not observed experimentally. The
model also does not explain the finite width of the field
region, over which linewidth increase takes place. A pos-
sible reason is that our model assumes two macrospins,
5which means we consider the magnetization to be homo-
geneous in the sample plane. When the field is small,
the magnetization may form domains, which violates the
macrospin assumption. In addition, two-magnon scatter-
ing may contribute to the observed linewidth, as well as
inhomogeneous local fields arising from defects.
V. SUMMARY
In this work we investigated the linewidth in an in-
terlayer exchange-coupled bilayer system with mixed
anisotropies. In samples with AFM coupling, below the
saturation field, we observed a significant increase of the
linewidth in the FMR spectra. Analysis in the frame-
work of a previously established macrospin model points
towards a mechanism that can be regarded as an applied
field screening effect that results from the combined ac-
tion of the IEC and the CoNi magnetization tilting due
to its PMA. The reported screening effect could be ex-
ploited in future spin torque oscillator applications where
it could help stabilize the oscillator frequency with re-
spect to changes in the ambient magnetic field.
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VII. APPENDIX
In this appendix we provide the matrices used in the main text. The rotation matrix to transform between the lab
~m′ and ground state frame ~m is: 
mximyi
mzi

 =

cos(βi) 0 − sin(βi)0 1 0
sin(βi) 0 cos(βi)



m
′
xi
m′yi
m′zi

 . (9)
The following are the matrices used to solve the LLG equation Eqn. 4. The modified gyromagnetic ratio matrix:
Γ ≡


γ1
1+α2
1
γ1
1+α2
1
γ2
1+α2
2
γ2
1+α2
2

 . (10)
The Gilbert damping coefficient matrix is:
Λ ≡


1 −α1
α1 1
1 −α2
α2 1

 . (11)
Finally, the effective field matrices are:
Ξa ≡


−H cos(β1)
H cos(β1)
−H cos(β2)
H cos(β2)

 , (12)
Ξc ≡


− J
µ0Ms1d1
cos(β1 − β2)
J
µ0Ms1d1
cos(β1 − β2)
J
µ0Ms1d1
cos(β1 − β2) −
J
µ0Ms1d1
J
µ0Ms2d2
cos(β1 − β2) −
J
µ0Ms2d2
cos(β1 − β2)
− J
µ0Ms2d2
J
µ0Ms2d2
cos(β1 − β2)

 , (13)
Ξan ≡


Hk1 cos(2β1)
Hk1 sin
2(β1)
Hk2 cos(2β2)
Hk2 sin
2(β2)

 . (14)
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